Since the discovery of giant magnetoresistance ͑GMR͒ in metallic multilayers a decade ago, 1 potential applications ranging from magnetic sensors to nonvolatile computer memory have been explored. 2 Many of the potential applications, especially those involving memory, will require high device density and submicron device dimensions. Therefore, it is important to examine the behavior of multilayers as their lateral dimensions are constrained. The narrowest multilayer or spin-valve structures previously studied were approximately 200 nm in width. 3 We have developed a technique utilizing a combination of electron beam lithography and ion milling which has been used to pattern Cu/Co wires to widths as narrow as 35 nm.
Enhancement of the GMR amplitude has previously been achieved by patterning lines and dots as small as 0.7 m. [4] [5] [6] In our wire geometry, we do not expect to see the enhancement in antiferromagnetic coupling due to magnetic edge charge effects, like those observed in patterned dots. 5 For our narrowest wires, however, the strong shape anisotropy should prevent the formation of magnetic domains, which may enhance the amplitude of the GMR effect by allowing more perfect alignment of the magnetization of the Co layers. 4 We report here on the effect that the wire width has on the GMR amplitude in this previously unexplored regime.
The first step in our processing was sputter deposition of the multilayer onto an oxidized-silicon substrate. The film structure was 35 Å Co/(12 Å Co/t Cu Cu) 10 , where t Cu represents the thickness of the Cu layer. It has been well established that the magnetic coupling between the cobalt layers oscillates as a function of the Cu thickness. 7 In our measurements, we used multilayer wires whose copper thicknesses corresponded to the first three antiferromagnetic coupling maxima: t Cu ϭ9.6, 19, and 31 Å, respectively.
Once the films were sputtered, the processing steps that were used to fabricate the narrow wires are illustrated schematically in Fig. 1 . Lithographic techniques were used to pattern a protective mask over the multilayer, and the devices were defined when the unmasked regions of the multilayer were removed via ion milling. The large features of the mask consisted of a 400 Å layer of Cr, and were patterned using a photolithography/lift-off technique. The narrow wires were protected by a 400 Å Al 2 O 3 mask, which was patterned using e-beam lithography and lift-off. Although we minimized unnecessary heating of the sample, a 30 min hot-plate bake at 170°C was required to cure the e-beam resist polymethyl͑methacrylate͒ ͑PMMA͒ prior to exposure. Al 2 O 3 was chosen as the masking layer for the narrow lines for its excellent resistance to ion milling. In order to improve adhesion to the multilayer, a 20 Å layer of aluminum was deposited before evaporating the protective oxide. Figure 2 shows scanning electron microscope ͑SEM͒ and atomic force microscope ͑AFM͒ images of a device following ion milling. The top surface visible in the SEM image is the remainder of the Al 2 O 3 mask. From the rounding of the mask, one can see that ion milling etches laterally as well vertically. To minimize lateral etching of the wires, the thickness was limited to ten bilayers. Since typical spinvalve structures are generally less than 150 Å thick, these fabrication techniques should be equally or even more effective at patterning those devices.
All of the measurements reported here were performed with the samples immersed in liquid helium (Tϭ4.2 K). The magnetic field was always applied in the plane of the wire, and was oriented either parallel ͑longitudinal configuration͒ a͒ Electronic mail: rab8@cornell.edu APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 13 29 MARCH 1999 or perpendicular ͑transverse configuration͒ to the direction of current flow. A small ac current ͑0.1 A͒ was used in our four-probe magnetoresistance measurements. Even for the narrowest wires measured, the resulting current density was less than 10 4 A/cm 2 . For many applications, high current densities may be required, so we note that the wires survived testing at current densities higher than 10 8 A/cm 2 , although the amplitude of the GMR was lessened at these extreme values. 8 Each chip measured had four wires: 30 mϫ750 nm, 10 mϫ250 nm, 10 mϫ100 nm, and 10 mϫϽ80 nm. The width of the narrowest line varied depending on the resolution of the e-beam writer for a given exposure, and was subsequently determined by SEM inspection and from the measured resistance.
In Fig. 3 we plot the percentage change in the resistance: ͓R(H)ϪR(H s )͔/R(H s ) versus the applied field for wires at the first, second, and third antiferromagnetic coupling maxima, where H s is the saturation field. In addition to showing the data from the patterned wires, in Fig. 3͑a͒ we include a magnetoresistance trace made on the sputtered film before patterning. For even the narrowest wires, the resistance varies smoothly with changes in the applied field, showing none of the large resistance jumps ͑Barkhausen noise͒ seen in measurements made on wider NiFe/Ag wires. 9 The suppression of Barkhausen noise is desirable for applications, and may be due to the large shape anisotropy created by our lithographic patterning.
Note in Fig. 3͑a͒ that at the first maximum the amplitude of the GMR curve is 53% for the unpatterned film, while it is only 38% for the 750 nm wire. This is an annealing as opposed to a size effect. We have experimentally confirmed that the 30 min e-beam resist hot-plate bake at 170°C is responsible for this rather large decrease. Though not pictured in Fig. 3 , we also found that this annealing had a much smaller effect for multilayers at the second maximum, and even slightly ͑by 0.5%͒ increased the amplitude of the GMR at the third maximum. Although similar behavior for anneals at 150°C has been observed previously, 10 most of the literature concerning annealing concentrates on higher temperature ranges. It is important to realize that the lower temperatures used in standard lithographic processing can also dramatically impact the properties of metallic multilayers.
Studies have shown that the magnetic moments of separated layers never achieve perfect parallel or antiparallel alignment, because of the presence of magnetic domains in the individual layers. 11 The origin of the GMR effect lies in the relative alignment of these separated layers, so it is natural to assume that the amplitude of the GMR effect would increase in single domain layers where more perfect alignment could be achieved. Data from other groups suggest that our narrowest wires should be single domain. For example, magnetic force microscopy measurements on nanofabricated Ni wires indicate that 1 m wires narrower than 150 nm are single domain. 12 However, experimentally we do not observe an increase in the GMR amplitude with decreasing wire width; in fact we often observe a decrease. At both the first and second maxima, but not the third, the relative GMR amplitude decreases by about 15% when the width is reduced from 250 to 100 nm. In Fig. 3͑b͒ we see that the GMR amplitude decreases by 40% for the 35 nm wires. This reduction in the GMR amplitude may be a result of processing. As mentioned earlier, heating the multilayer at relatively modest tempera- tures can decrease the GMR amplitude, and it is possible that during the ion milling ͑with the sample attached by Mung to a water-cooled stage͒ the edges of the wires reach temperatures sufficiently high for this to occur. Another potential reason for the observed amplitude decrease is that it is likely, for the top few layers at least, that some lateral milling does occur due to sideways erosion of the etch mask. Hence, at the edges of the wire, the multilayer stack would have fewer layers and a correspondingly lower GMR amplitude.
It is important to note that the GMR amplitude is essentially constant at the third maximum, even for wires as narrow as 45 nm. The third maximum is most similar to actual spin-valve structures that are of the most practical importance, so it is reassuring to see that the GMR is unaffected there down to such narrow widths. Assuming either of our possible explanations for the reduction of the GMR amplitude at the first and second maxima is correct, the robustness of the GMR at the third maximum to lateral milling is not surprising. We have performed measurements that show the amplitude of the GMR at the third maximum is unchanged in anneals up to 300°C. Additionally, our measurements demonstrate that reducing the number of bilayers has far less impact at the third maxima than it does at the first or second. 13 A further possible explanation for the decrease in GMR amplitude is that lateral confinement of a multilayer wire with nonspecular boundary scattering can shorten the effective mean free path of the electron. Recently, the potential impact of this boundary scattering on the GMR amplitude has been studied numerically.
14 Those calculations show that wire width at which this effect should be observable is on the order of the film thickness and the mean free path. Using the resistivity of our wires and the Drude model, we estimate the mean free path to be no longer than 10 nm, which is probably too short for these boundary scattering effects to be the cause of the observed amplitude decrease.
For all three copper thicknesses, patterning the film into wires broadens the field scale required to saturate the magnetoresistance. At the first maximum there is, however, no further increase in H s as the wire narrows from 750 to 80 nm. Conversely, the saturation field continues to increase with decreasing wire width at the second and third antiferromagnetic maxima. This is attributable to a magnetostatic broadening effect, similar to that reported in unannealed NiFe/Ag multilayer stripes 6 and NiFe/Co/Cu/Co spin valves. 3 In the case of the first maxima, the interlayer exchange coupling dominates the energetics, so it is not surprising that increasing the wire aspect ratio from 40:1 to 120:1 produces no discernible change in H s . When the strength of the interlayer exchange coupling is reduced, as in Figs. 3͑b͒ and 3͑c͒, the increase in H s with decreasing wire width is clearly visible. From magnetostatic considerations, one would also expect that a smaller field would be required to saturate the magnetization in the longitudinal rather than the transverse orientation. We see in Fig. 3͑d͒ that this is clearly the case at the third maxima. This was also the case at the second maxima, but not at the first where the wires are quite insensitive to magnetostatic size effects.
In summary, we have developed a technique for fabricating very narrow Cu/Co multilayer lines. At the first and second maxima, we found that the amplitude of the GMR decreased as the width was reduced. This decrease may be the result of lateral milling, and is sufficient to obscure any small increases in GMR amplitude which may have been present. It would be interesting to examine a multilayer system with much weaker interlayer coupling, where size effects could potentially have a larger effect on the GMR amplitude. By measuring multilayers grown at the first, second, and third antiferromagnetic coupling maxima, we have been able to study the interplay between interlayer exchange coupling and magnetostatic broadening effects. For many applications, multilayers with weak interlayer coupling are desirable due to their lower coercive fields. The field scale required to saturate such devices, however, grows dramatically at narrow widths.
